Two Japanese natural populations and a Canary Island cage population of Drosophila melanogaster were analyzed with respect to three transposable elements P, 297, and copia, using chromosomal in situ hybridization, copia was distributed more or less equally over all chromosomes. Its copy number on the X chromosome was slightly less than that on autosomes of equivalent size, possibly indicating the near neutrality or slightly deleteriousness of the transposable element actually present in the chromosomes. The distribution of P elements was a little different from that of the other two transposable elements, as it was not concentrated around chromocenter, in contrast to that of 297 and copia. No evidence of threshold was observed with respect to the copy number of transposable elements in a genome in any of the three transposable elements. The variance of copy number of these transposons between different strains were generally larger than those expected under the poisson distribution, especially in the P element. These observations possibly indicate near neutrality of these transposable elements (in their present positions) with respect to natural selection or non-equilibrium state in populations.
INTRODUCTION
D. melanogaster genome contains many transposable elements or moderately repetitive DNA sequences. The whole amount of these sequences is estimated to be approximately 12% of the genome (Spradling and Rubin 1981) . Among them are copia, 297 and P elements which are studied in this report. copia and 297 are 5.0 kb and 7.2 kb in length with about 400 by long terminal repeats (LTRs), respectively (Rubin 1983; Kugimiya et al. 1983) . Both copia and 297 are copia-like elements which are known to be intimately related in evolution to retroviruses in vertebrates and suggested to transpose via RNA intermediates Saigo et al. 1984; Arkcipova et al. 1984; Flavell 1984) . P element is another class of transposable element, which has the total length of 2.9 kb with small inverted repeats in both ends (0'Hare and Rubin 1983) . This element is active in natural populations of D. melanogaster and well known for its various mutagenesis activity called hybrid dysgenesis. The phenomenon of hybrid dysgenesis occurs in certain interstrain crosses of D, melanogaster.
The hybrid progeny develop higher rate of sterility, mutation, chromosome aberration, male recombination and distorted segregation (Kidwell, Kidwell and Sved 1977; Hiraizumi 1971) . Two independent systems of hybrid dysgenesis, called P -M system and I -R system, have been described and characterized (Bregliano and Kidwe111983) . The former is controlled by a transposable DNA element, P, which is 2.9 kb in length with terminal inverted repeats of 31 bp. There also exist incomplete P elements, 0.5 to 2.9 kb long, which are caused mostly by internal deletion. P strains have been detected in most of present US populations and in some western Europian populations of D. melanogaster (Kidwell 1983; Anxolabehere et a1.1985) . D. simulans, a sibling species of D. melanogaster, has no P element (Rubin 1983) . Therefore, P elements seem to have been introduced to D. melanogaster genome quite recently during its evolutionary history.
It is known that these transposable elements are distributed over all chromosomes from in situ hybridization study, ranging from zero to as much as 100 depending on the transposable elements and strains examined. There are, however, little study about the distribution and number of these transposable elements among different strains from nature and among different chromosomes or chromosome arms.
In this study we describe copy numbers and distribution of these transposable elements, P, 297, copia within and between several populations of D. melanogaster and discuss maintenance mechanisms and history of these elements in natural populations.
MATERIALS AND METHODS
Drosophila stocks : The following three populations of D, melanogaster were used for this study. Yashiro population (YS) : A total of 120 iso-female lines were constructed using 120 individual female flies collected at Yashiro, Hyogo prefecture in a western part of Japan, in June of 1982. The above isof emale lines were inbred for 30 generations by single brother-sister matings before the start of the present study. Forty-three YS lines were employed for this analysis. Akayu population (AK) : Flies were collected at Akayu, Yamagata prefecture, a northern part of Japan, in the fall of 1977. A total of 430 genomes were extracted using marked inversion balancers and then maintained as homozygous lines . A total of 49 lines were used for the present analysis. Cage population (CI): This cage was established using 280 wildcaught flies from Canary Island, Africa in 1975 (Mackay 1981) . Flies from this cage were examined only for the distribution of the copia element.
In situ hybridization : Salivary gland chromosomes were fixed in 45% acetic acid on slides, copia DNA was derived from a clone of cDm 2055 (Potter et al. 1979) . Clone per 25.1 was employed for the detection of intact and defective P elements (Robin and Spradling 1982) . Clone 297 was used for the detection of 297 transposable elements (Saigo, Millstein and Thomas 1981) . Nicktranslations of the probes and hybridization were carried out according to Bingham, Levis and Robin (1981) and the manual of the ENZO Bio-probe system (ENZO Biochem Inc., New York). Probes were labeled with tritiated dATP or biotinylated dUTP. Hybridized DNAs were visualized by autoradiography or enzymatic reactions using the streptavidin-biotinylated horseradish peroxidase complex.
RESULTS
Copy number distribution of copia among salivary gland chromosome arms in individuals from a Canary Island population cage.
If transposition is frequent and insertion target sites are not specific, the distribution of any transposon among chromosomes in a genome will become random within a short period. A total of 23 female larvae were sampled and dissected from a Canary Island population cage which had been maintained for more than 10 years in the laboratory (Mackay 1981) . Since an accurate copy number cannot be obtained from an observation of a single cell due to incomplete spreading of chromosomes we examined several cells for each individual larva and scored the maximum number of copies found. The average number of copies per individual was 25.2. The element was dispersed on all chromosome arms as reported by other investigators (Strobel, Dunsmuir and Rubin 1979; Potter et al. 1979) . Values for the X chromosome, the left arm of the second chromosome (2L), 2R, 3L, and 3R were 3.0, 4.4, 5.7, 4.2 and 7.9 copies, respectively (Table 1) . These chromosomes or chromosome arms have almost identical lengths, yet 3R had almost twice as many copies of copia as the X, 2L or 3L. Analysis of variance showed significant differences between individual larvae [F(22,88) =1.8, P<0.05] and between chromosome arms [F (4,88) =18.1, P <0.011 (Table 2 ). The X chromosome appeared to have fewer copies than the other chromosome arms, possibly indicating some selection against a copia-carrying chromosome in hemizygous condition in males.
One potential problem with the above analysis is that the copia plasmid used as a probe contained flanking sequences on both sides of the element, Copy number and chromosomal locations of P, 297 and copia elements in Japanese natural populations.
First we describe the average copy numbers of these transposons in natural populations. The average number of P elements per individual for the YS population (31.5) (Table 3) was two times that for the AK population (14.7) ( Table 4 ). The corresponding values of 297 and copia were not so different between the two populations: 24.2 and 24.0 for the YS population (Table 3) , Table 3 . Distribution of copy numbers of transposable elements, P, 297 and copia between iso-female lines of Yashiro population in D. melanogaster and 16.9 and 20.9 for the AK population (Table 4) , respectively. Note, however, that the YS strains used in this study were isof emale strains which had been inbred for 30 generations by brother-sister matings, but the AK lines were isogenic in all 3 major chromosomes. Thus, it is possible that the YS lines still retained some genetic variability within a line, especially when deleterious or lethal genes were present. At any rate it was found that both of these Japanese populations contained all three transposons at appreciable amount. In general, P elements are distributed to every chromosome in dispersed fashion. 297 and copia have similar distribution and have an additional tendency of concentration around chromocenter.
Transposable elements have some extent of nonrandom distribution in Table 4 . Distribution of copy numbers of transposable elements, P, 297, and copia between lines of Akayu population in D. melanogaster genome since some transposons such as 17.6 and 297 have target-sequencespecificity (Ikenaga and Saigo 1983; Inouye et al. 1984) . However, the nonrandomness of the inserted sites is not so conspicuous since more than 105 ( _ 1.6 X 108/44) target sites are expected to be present in a genome. Our observation of inserted sites on chromosomes showed that more than half of these transposons-containing sites are different between strains. This observation was consistent with that obtained in copia on the X chromosome by Montgomery and . The distribution of the three elements in a Fig. 1 genome was analyzed with respect to their chromosomal locations in a pair of YS lines. In the case of P, the sum of hybrid bands of two cells was 70 (29 in A and 41 in B of Fig. 1) . A total of at least 28 bands, which are marked with solid arrows in Fig. 1 , were located in different cytological sites. At least 2 different chromosomal sites were occupied simultaneously by the element in both lines (indicated by broken arrows in Fig. 1) . From these values, the minimum estimate of heterozygosity (HETp) was calculated to be 0.40( = 28/70), and the minimum estimate of homozygosity (HOMe) was 0.06 (= 4/70). The ratio of these two values (HETp/HOMp) was 6.7.
We carried out the same analysis using 297 and copia (see Fig. 1 ). HET297 and H0M297 were 0.36 and 0.18, respectively with a HET/HOM of 2.0. In the case of copia, HETcopia was 0.63 and HOMcopia was 0.23, resulting in a ratio of 2.7. The rate of nonallelic insertions was higher in P than 297 and copia, probably indicating a higher rate of P transposition.
DISCUSSION
In the theoretical study of transposons a constant (average) number of transposons per genome is often assumed partly for mathematical simplicity and partly from biological considerations (Charlesworth and Charlesworth 1983; Langley, Brookfield and Kaplan 1983; Ohta 1984) . It is therefore important to determine directly whether the number of a transposon in a genome is kept constant by some biological mechanisms.
In this study we counted the number of copia elements in each of the chromosome arms using larvae from a Canary Island cage population (Table 1) . The means and variances between chromosomes or chromosome arms showed no significant differences (Table 5 ), but the variances in the total numbers of copia elements in a given genome were significantly larger than the means in two out of three populations [CI (P < 0.05), YS (P <0.10), and AK (P (0.05) ]. This result indicates that the variance of the copy number is at least not less than the mean and that the number of copia elements in different strains of the YS population are not so different from the expectation of the Poisson distribution.
By contrast, in the cases of P and 297 the variances were highly significantly greater than those expected under the assumption of the Poisson distribution (X2 values of YS and AK populations were 95.9 and 172.9 respectively for the P element, and 47.7 and 31.6, respectively, for 297). These results are consistent with the notion that P elements were recently introduced into populations of D. melanogaster.
It is possible that 297 was also introduced relatively, recently into the species, considering the large variations in the copy number of the transposable element.
If there is a threshold or an optimal level in the number of transposons in a genome, or tendency to reach a constant number due to transposability of the transposon or selection in host flies because of some kind of interaction between transposons (or between transposons and the host genome), we should be able to observe a smaller variance of copy numbers between strains and/or a negative correlation in the copy number of the transposon on different chromosomes or chromosome arms. The result of such a correlation analysis is shown in Table 6 . All the correlations except between chromosome arms 2L and 2R, and between chromosomes 2 and 3 showed no significant difference from zero. All of these significant correlations were positive; we could not find any evidence of negative correlation. These results strongly indicate that the copy number of the transposon copia is not maintained at a constant level. More data need to be accumulated in order to determine whether this is also true for other transposable elements. Kidwell (1983) surveyed worldwide distribution of hybrid dysgenesis determinant. Most populations of North America are classified as P and those of Europe, Africa and the Middle East are Q-typed. M strains are predominant in Middle Eurasia (Anxolabehere et al. 1985) . Q-typed strains are predominant in Japanese natural populations of D. melanogaster, with very low frequency of P-typed strains. All the examined strains of Japanese populations were found to carry P family components (Iwano et al. 1984; Todo et al. 1984; present result) . Elements homologous to U.S. P-element were cloned from a Ptyped strains and several Q-typed strains in Japanese natural populations and their structures were investigated by Iwano et al. (1984) . They found only defective P elements among 21 clones examined. Similar results were recently obtained using Q-typed strains by Sakoyama et al. (1985) .
One interesting aspect of P-M system is that rapid temporal changes in the frequencies of P, Q, and M strains seem to have proceeded in recent decades, particularly in America. P and Q individuals showed a progressive increase in frequency.
In Japanese natural populations almost all strains are Q-typed. This fact probably indicates that P elements in Japanese populations are older than those in the United States. Once Q-typed strains become predominant in a population, the genetic load generated by hybrid dysgenesis when P-and M--typed strains are frequent, is reduced drastically. There is no direct evidence that present forms of 297 and copia are capable of inducing phenomenon like hybrid dysgenesis. However, it is possible to speculate that both of 297 and copia had potential similar to the present P element in early stages of invasion to Drosophila or to its ancestoral species. We examined the presence of DNA homologous to P element by two different methods, in situ hybridization and Southern blot hybridization (data not shown). P element was present only in the genome of D. melanogaster. 297 and copia were observed in all other 6 species of D. melanogaster group (Miyake et al. 1983) . It is possible that P element will spread to most of D. melanogaster in the near future so that difference in the distribution of the transposon among populations disappears like that of copia and 297.
We found there is some tendency for 297 and copia to be concentrated around the centromere.
This may have arisen because the chromocenter is relatively inert.
The presence of these transposable elements within the centromere which is primarily composed of heterochromatin seems to do little harm to the host. Thus, it is possible that P family elements may be found with higher frequency in chromocenter or heterochromatic regions in the future when the P elements are in equilibrium or saturated in populations. Chromocenters seem to be a graveyard of infected transposable elements and/or repetitive DNA's (Rubin 1983 
